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ABSTPACT 

This  report  contains  the  results  obtained  during  the  first  year  of  investi- 
gations into  the  phenomena  of  chemically  pumped  lasers. 

The  primary  emphasis  during  this  first  year  has  been  the  design  and  fabri- 
cation of  a  CO2-HN3  laser.   The  major  highlights  of  the  developmental  work  are 
(l)  design  and  fabrication  of  the  laser  tube  and  resonant  cavity,  (2)  design, 
construction  and  operation  of  the  HN3  generating  and  gas  filling  systems  and 
(3)  flashlamp  discharge  circuit  design  and  development  of  the  charging  control 
system. 

Further  work  was  conducted  in  the  computer  simulation  of  the  experiment 
and  in  the  addition  of  a  monochromator  to  the  experimental  equipment. 

This  report  was  supported  by:   AIRTASK  No.  A310310A/551A/2R02102-001- 
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INTRODUCTION 

This  report  consists  essentially  of  Appendix  A.   The  thesis  of  LCDR 
Gunther  P.  Schnez  which  is  contained  in  Appendix  A  summarizes  the  work 
performed  on  the  project  up  until  June  1971. 

Further  work  during  the  summer  of  1971  was  directed  at  the  determination 
of  spectral  energy  distributions  from  a  lasing  medium.   Some  work  has  been 
done  with  the  CS2  +  O2  laser  system.  This  work  was  mainly  directed  toward 
calibration  of  the  entire  laser  system.  Extensive  computer  calculations 
have  also  been  conducted  for  the  HN3  +  CO2  laser  and  it  is  believed  that  we 
now  have  an  adequate  computer  model  for  the  laser  which  can  be  used  in  guid- 
ing the  experimental  work.   The  latter  work  will  be  documented  in  December, 
1971  as  part  of  the  thesis  effort  of  LT  F.  K.  Helmsin. 

Ensign  T.  L.  Houck  has  just  joined  the  project  and  his  work  will  be 
directed  toward  gain  measurements  for  the  CO2-N2  system  and  further  explora- 
tion of  other  azide  systems. 
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ABSTRACT 

A  C02-HN„  laser  is  designed  and  constructed.   The  use  of 
hydrazoic  acid,  being  highly  explosive  and  toxic,  requires  a 
design  where  the  gas  handling  and  optical  systems  are  lo- 
cated inside  a  fume  hood  with  exhaust  to  the  outside.   The 
laser  utilizes  a  pumping  scheme  where  energy  released  by  the 
photolysis  of  HN   is  used  to  create  a  population  inversion 
in  CO  . 

The  major  highlights  of  the  developmental  work  are: 
(1)  design  and  fabrication  of  the  laser  tube  and  resonant 
cavity,  (2)  design,  construction  and  operation  of  the  HN 
generating  and  gas  filling  systems,  and  (3)  flashlamp  dis- 
charge circuit  design  and  development  of  the  charging 
control  system. 

Operation  of  the  laser  is  the  subject  of  subsequent  work 
with  the  system.   Preliminary  experiments  and  suggestions 
are  included  in  this  study.   Furthermore  the  basic  principles 
and  equations  governing  the  operation  of  a  CO  -HN   laser  are 
derived. 
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I.  HISTORY 

The  Nobel  Prize  in  Physics  1964,  awarded  to  C.H.  Townes, 
N.G.  Basov,  and  A.M.  Prokhorov,  was  the  climax  of  public 
recognition  of  a  most  remarkable,  if  not  revolutionary 
scientific  discovery:  the  maser,  ancestor  of  the  laser. 

The  roots  for  this  discovery  go  back  to  the  early  days 
of  quantum  physics  when  Einstein  first  introduced  the  idea 
of  stimulated  emission  of  radiation  [Ref.l].   In  the  follow- 
ing years  several  scientists  touched  the  idea  of  "negative 
absorption"  and  "stimulated  emission,"  however,  no  proposals 
were  made  to  make  use  of  this  radiation  for  amplifiers  or 
oscillators. 

After  19^5 3  independent  progress  was  made  by  a  number  of 
scientists  toward  the  development  of  devices  using  stimulat- 
ed emission  in  the  microwave  frequency  range. 

Late  in  19535  Townes,  then  at  Columbia  University,  New 
York,  and  his  two  research  students,  Gordon  and  Zeiger, 
succeeded  in  the  operation  of  the  first  maser  using  ammonia 
molecules.   In  1954,  Basov  and  Prokhorov  of  the  Lebedev 
Institute  in  Moscow,  independently  of  Townes,  designed  and 
published  a  proposal  for  a  very  similar  ammonia  maser 
[Ref .2]. 

Once  the  feasibility  of  the  maser  had  been  demonstrated 
research  concentrated  on  the  development  of  masers  at  fre- 
quencies higher  than  the  microwave  region.   Townes  and 


Dr.  Arthur  Schawlow  from  Bell  Telephone  Laboratories  at 
Murray  Hill,  New  Jersey,  together  proposed  an  optical  maser 
using  excited  potassium  vapor  with  a  predicted  wavelength  of 
3.1^  microns,  in  the  near  infrared  [Ref.2].   However,  the 
system  could  not  be  made  to  work.   In  September  19595  during 
the  first  symposium  on  quantum  electronics  at  Schawanga 
Lodge,  High  View,  New  York,  Schawlow  outlined  a  scheme  for 
solid  state  optical  masers  using,  for  example,  transitions 
in  ruby.   In  July  I960,  T.H.  Maiman  of  the  Hughes  Aircraft 
Company's  research  laboratories  at  Malibu,  California,  who 
had  been  working  with  ruby  illuminated  by  flashes  of  light, 
announced  the  successful  operation  of  the  first  optical 
maser.   In  the  same  year,  the  term  "Laser"  was  introduced  to 
replace  "Optical  Maser"  [Refs.2,3]. 

The  first  gas  laser  was  built  by  A.  Javan  at  the  Bell 
Telephone  Laboratories  in  the  fall  of  i960.   Laser  action 
occurred  in  a  mixture  of  helium  and  neon  utilizing  transi- 
tions between  electronic  energy  levels  of  the  neon.   By 
1964,  thirty-two  gas  combinations  were  known  to  produce 
laser  emissions  [Ref.4].   All  of  these  systems,  however, 
were  inherently  restricted  to  milliwatt  outputs. 

In  the  spring  of  1964  C.K.N.  Patel  [Ref.5]  published  the 
discovery  of  a  new  type  of  laser:  the  molecular  gas  laser. 
His  work  with  the  CO   molecular  laser  opened  the  field  for 
a  new  dimension  in  laser  research  and  applications,  created 
by  the  possibility  of  obtaining  power  outputs  :f  several 


watts.   The  work  reported  herein  describes  the  design  and 
construction  of  a  variation  of  this  basic  CO-  laser. 
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II.  THE  LASING  MECHANISM  IN  CARBON  DIOXIDE 

A.   C02-N2  VIBRATIONAL-ROTATIONAL  STATES 

Every  laser  is  a  quantum  mechanical  device.   Particles 
emit  quanta  of  energy  in  the  form  of  radiation  that  are  re- 
leased by  transitions  from  higher  to  lower  energy  levels. 
Before  Patel  developed  the  molecular  gas  laser  in  1964,  all 
then  known  two-component  gas  lasers  utilized  an  energy  trans- 
fer between  electronic  states  of  the  two-component  gases 
[Ref.6].   The  first  molecular  gas  laser  oscillation  also 
was  obtained  from  electronic  transitions  of  a  number  of  di- 
atomic gases.   The  CO   molecular  laser,  however,  makes  use 
of  transitions  between  vibrational  states  within  the  same 
electronic  level  of  the  C0~  molecule.   Although  only  a  quan- 
tum mechanical  treatment  can  accurately  describe  the  vibra- 
tional energy  levels  in  C0?,  a  classical  model  will  provide 
a  more  easily  visualized  and  satisfactory  explanation.   As 
illustrated  in  Figure  1,  the  vibrational  state  of  the  mole- 
cule is  described  by  three  quantum  numbers,  v..  ,  vp ,  and  v^, 
and  is  usually  written  in  the  form  (v-iVpvJ  ,  where  v-,  des- 
cribes the  number  of  vibrational  quanta  in  the  symmetric 
stretch  mode,  v  the  number  of  vibrational  quanta  in  the 
bending  mode  and  v^  the  number  of  vibrational  quanta  in  the 
asymmetric  stretch  mode.   The  bending  mode,  being  two-fold 
degenerate,  usually  carries  a  superscript  to  indicate  the 
degeneracy.   The  vibrational  energies  corresponding  to  these 
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modes  and  combinations  of  modes  can  be  represented  in  an 
energy  level  diagram.   Pertinent  parts  of  such  a  diagram  are 
given  in  Figure  2. 

In  addition  to  the  quantization  into  vibrational  levels 
there  exist  a  number  of  rotational  levels  for  each  of  the 
vibrational  states  [Ref.7],  characterized  by  the  quantum 
number  J.   A  change  in  J  of  ±  1  corresponds  to  a  change  in 
rotational  angular  momentum  of  ±  h/2i\,   where  h  is  Planck's 
constant.   Due  to  the  symmetry  of  the  C0„  molecule,  certain 
J  values  are  prohibited  depending  on  the  vibrational  state 
of  the  molecule.   In  particular,  for  the  vibrational  levels 
utilized  in  a  CO   laser  at  10.6  microns,  even  J  levels  are 
absent  in  the  upper  laser  level,  (001),  and  odd  J  levels  in 
the  lower  laser  level,  (100)  [Ref.8].   Transitions  between 
these  two  vibrational  levels  therefore  result  in  a  vibra- 
tional rotational  band,  where  the  :enter  of  the  band  cor- 
responds to  the  spacing  between  the  vibrational  levels  in 
the  absence  of  any  rotational  energy  (Figure  3).   There  are 
no  transitions  in  the  center  of  the  band  because  AJ  can  not 
be  zero  for  the  levels  involved.   The  allowed  transitions 
corresponding  to  AJ  =  +1  are  called  P-branch  transitions 
(longer  wavelength),  whereas  those  corresponding  to  AJ  =  -1 
are  called  R-branch  transitions  (shorter  wavelength).   Fig- 
ure 4  shows  the  Boltzmann  distribution  of  the  population  den- 
sities of  the  rotational  energy  levels  of  the  upper  laser 
level.   A  similar  distribution  holds  for  the  lower  laser 
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level.   The  P-branch  transition  from  the  K  =  21  level  of  the 
(001)  state  to  the  j  =  22  level  of  the  (100)  vibrational 
state  has  the  highest  gain  [Ref.7]  and  starts  oscillating, 
thereby  emitting  radiation  at  10.6  microns.   Due  to  the 
very  short  relaxation  time  of  the  rotational  levels 
(~10~7  sec),  the  original  Boltzmann  distribution  is  maintain- 
ed by  transfer  of  molecules  from  other  rotational  levels  to 
the  J  =  21  level.   Thus  the  population  density  of  all  the 
rotational  levels  decreases  even  though  laser  oscillation 
keeps  drawing  the  molecules  from  the  J  =  21  level.   As  a. 
result  the  output  of  a  CO   laser  occurs  predominantly  on  a 
single  rotational  transition  of  the  (00°1)  ■*■    (10°0)  band, 
thereby  ensuring  very  coherent  an^  monochromatic  radiation 
at  10.6  urn.   Similarly,  lasing  at  9.6  ym  results  from  a  sin- 
gle rotational  transition  of  the  (00°1)  ->  (02°0)  band.   How- 
ever, since  the  intensity  of  radiation  at  this  shorter 
wavelength  is  only  1/10  that  at  10.6  ym  [Ref.7],  the  follow- 
ing analysis  will  consider  the  (00°1)  ->  (10°0)  vibrational 
transition  only.   In  Figure  2  the  rotational  levels  have 
not  been  shown  for  simplicity.   The  indicated  wavelengths 
correspond  to  the  dominating  transition  within  the 
vibrational-rotational  band. 

The  addition  of  nitrogen  to  a  CO   laser  results  in  the 
selective  excitation  of  the  CO   molecules  to  the  upper  laser 
level.   Nitrogen,  a  diatomic  molecule,  has  only  one  degree 
of  vibrational  freedom  described  by  the  quant  m  number  v. 
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Since  the  energies  of  the  excited  N?(v=l)  and  CO  (00°1)  are 
almost  equal  (this  holds  also  for  the  higher  energy  levels), 
an  efficient  transfer  of  vibrational  energy  through  colli- 
sions between  the  excited  states  of  N~(v  =  1,  2,  3a...)  and 
the  corresponding  levels  of  the  asymmetric  stretch  mode  of 
COp  is  possible.   Moreover,  in  N   and  CO   these  excited  lev- 
els are  approximately  evenly  spaced  [Ref.7]«   This  allows  a 
redistribution  of  vibrational  energy  between  molecules  in 
higher  excited  states  and  those  in  the  ground  state,  excit- 
ing them  to  Np(v  =  1)  and  CO  (00°1)  respectively.   It  is 
this  transfer  of  vibrational  energy  through  collisions  that 
is  utilized  in  the  excitation  of  virtually  every  CO   laser. 

B.   POPULATION  DISTRIBUTION  IN  THE  COp-Np  LASER 

At  thermal  equilibrium  the  CO   molecules  are  distributed 
among  the  allowed  energy  levels  according  to  the  Boltzmann 
distribution: 


Nn  _  Si 


-  (En  Env 


H.  =   ^R     e  KT 

Nm   Sm  (2-1) 


where 


N  ,  N   =  number  of  molecules  per  unit  volume  in  the  n   , 

mth  state 
E  ,  E   =  vibrational  energy  in  the  n^  ,  mth  state 
gn,  g   =  statistical  weight  of  the  n   ,  nr   state 
n,  m   =0,  1,  2,  3. • • 


14 


K  -  Boltzmann  constant 
T  =  absolute  temperature 


and 


N0  +  Nx  +  N2  +  N3  + =  N  (2-2) 

where 

N  =  total  number  of  molecules  per  unit  volume. 
From  Equation  (2-1)  it  follows  that  at  T  =  0,  all  molecules 
are  in  the  ground  state.   At  T  >  0  thermal  equilibrium  re- 
quires that  a  state  with  lower  energy  be  more  densely  popu- 
lated than  a  state  with  higher  energy.   In  order  to  allow 
laser  action  the  equilibrium  condition  must  be  disturbed  by 
an  inversion  of  population  density  between  at  least  one  pair 
of  allowed  energy  levels.   In  such  a  system  the  higher  ener- 
gy level  is  also  the  more  densely  populated.   To  simplify 
the  calculation  of  population  densities  in  a  COp -Np  laser 

system  the  Boltzmann  relation  may  also  be  used  to  describe 
the  participating  vibrational  energy  levels  in  the  non- 
equilibrium  condition  of  an  inverted  population  [Refs.95  10, 
11].   If  this  is  done,  the  temperature  in  Equation  (2-1)  be- 
comes an  effective  temperature,  T. ,  that  is  characteristic 
for  the  excitation  of  each  vibrational  temperature  T. 

Another  important  simplification  can  be  made  by  using 
the  results  of  a  survey  of  data  by  Taylor  and  Bitterman 
[Ref.12].   Their  study  shows  an  extremely  fast  vibrational 
resonant  energy  transfer  between  the  N  (v=l)  a. id  CO  (00°1) 
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levels,  as  well  as  a  very  fast  energy  exchange  between 
CO  (10°0)  and  C02(02°0)  due  to  Fermi  resonance.   In  addition, 
because  of  the  nearly  equal  spacing  of  the  bending  mode  (v  ) 
of  COp,  vibrational  energy  is  rapidly  transferred  to  the 
COp(OlO)  level.   A  similar  argument  holds  for  the  higher 
excited  levels  of  COp(00°v  )  and  N  . 

The  simplifying  assumptions  made  above  allow  the  con- 
struction of  the  following  three-level  approximation  for  the 
C02  laser  [Refs.ll,  13]. 

Mode  0   -  ground  state,  no  vibrational  excitation 

Mode  I   -  excited  states  in  the  symmetric  stretching  and 

bending  modes  of  COp 
Mode  II  -  excited  states  in  N.  and  the  asymmetric 

stretching  mode  of  CO  . 

The  modes  are  in  thermal  equilibrium  within  themselves, 
but  not  with  each  other.   In  each  mode  the  Boltzmann  distri- 
bution is  established  with  its  characteristic  vibrational 
temperature  T. .   As  a  result,  the  set  of  rate  equations  for 
the  populations  of  all  possible  vibrational  levels  can  now 
be  replaced  by  a  few  balance  equations  for  the  simplified 
model.   This  approach  is  valid  as  long  as  the  rate  of  energy 
transfer  within  each  mode  is  much  faster  than  the  energy  ex- 
change rate  between  modes.   A  schematic  of  the  grouping  of 
energy  levels  for  the  simplified  model  is  given  in  Figure  5. 
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For  the  following  calculations  it  will  be  assumed  that 
the  modes  can  be  approximated  as  harmonic  oscillators 
[Ref.l4].   Their  energies  are  then  given  by 

d_      1_ 

H-f-  E-,=T(E—  E) 

az      1        Tl   le     1  (2-3) 

and 


dt  E2  "  x2  (E2e  "  E2}  (2_H) 


where 


E_ ,  E    =  net  vibrational  energy  contained  in  mode  I, 

II  at  the  vibrational  temperature  T  .  T  . 

y  1'   2 

E.,  ,  E^   =  equilibrium  vibrational  energy  contained  in 
le   d.Q 

mode  I,  II  at  the  local  gas  translational 

temperature,  T 

x  ,  x    =  characteristic  relaxation  time  for  mode  I ,11. 
12 

The  relaxation  times  t,  and  x„  are  averages  which  character- 
ize the  net  rate  of  energy  transfer  between  the  modes  in  the 
simplified  model.  The  three  major  transitions  in  this  model 
will  be  defined  as  follows: 

(1)  transition  "a"  between  modes  I  and  II  with  relaxa- 
tion time  x 

a 

(2)  transition  "b"  between  modes  0  and  II  with  relaxa- 
tion time  x, 

b 
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(3)  transition  "c"  between  modes  0  and  I  with  relaxation 

time  t  . 
c 

The  relaxation  times  t  .  t.  .  and  t   are  determined  by  the 

a   b '      c 

COp-COp,  COp-Npj  and  Np-Np  collisions.   They  can  be  visual- 
ized as  "resistances,"  where  the  total  relaxation  time  of 
the  gas  mixture  is  equal  to  the  "parallel  resistance"  of  the 
relaxation  times  of  its  components ,  or 


ta  =  XC02  Ta(C02-C02)  +  XN2  xa(C02-N2)  (    } 


where  X„_   and  X,T   denote  the  mole  fractions  of  CO^  and  N 
COp      Np  2       2 

present  in  the  mixture.   Similar  expressions  hold  for  t   and 

b 

t  .   The  values  of  the  component  relaxation  times, 

t  (CO  -CO  ),  etc.,  depend  on  the  transition  probability  of 
a   2   2 

participating  levels,  gas  pressure,  and  temperature.   Data 
are  given  in  Appendix  A. 

It  may  be  noted  that  the  general  quantity  x  can  be  inter- 
preted as  a  mean  time  required  for  a  single  particle  to  make 
a  transition  from  one  state  to  another  state  due  to  colli- 
sions with  other  particles.   Hence  1/t  represents  the  number 
of  transitions  of  one  particle  per  second.   Thus  the  physical 
meaning  of  Equation  (2-5)  can  be  stated  as  follows:  The  total 
number  of  particle  transitions  per  second  due  to  collisions 
in  the  mixture  is  equal  to  the  sum  of  particle  transition 
due  to  collisions  with  each  species  present  in  the  mixture. 
A  similar  physical  representation  can  be  given  to  the 
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average  relaxation  times  of  modes  I  and  II.   Making  use  of 
the  "parallel  resistance  rule"  again,  they  are  given  by 


1_ 
T2 


X 


CO. 


xN, 


XC02  +  XN2 


(2-6) 


(2-7) 


Equations  (2-6)  and  (2-7)  are  combined  with  Equations  (2-3) 
and  (2-4)  to  calculate  E-.  and  Ep  where  E-,   and  Ep   are 
defined  by  the  following  equilibrium  relations 


■le 


mcRc 


hv 


K 


J2e 


mcRc 


hv- 
KT 


hv. 

If 


-i 


hv- 


KT 


-1 


2 

hv2 

K 

hv2 

KT 


+  mNRN 


hv 

K 


hv 
e  KT  -1 


V  2-u  j 


(2-9) 


where 


rru  =  mass  fraction  of  CO. 


R-  =  specific  gas  constant  for  CO, 


m„T  =  mass  fraction  of  N, 


RN  = 


Vi,v2,v3 


specific  gas  constant  for  Np 

characteristic  vibrational  frequencies  of  the 
symmetric  stretching,  bending,  and  asymmetric 
stretching  mode  respectively 
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v  =  vibration  frequency  of  N 
T  =  translational  temperature. 

In  Equation  (2-8)  the  degeneracy  of  the  bending  mode  has 
been  taken  into  account  by  doubling  its  energy. 

In  a  non-equilibrium  situation  the  vibrational  tempera- 
tures for  mode  I  and  II,  T-,  and  T~ ,  are  defined  by  relations 
similar  to  Equations  (2-8)  and  (2-9): 


E-,   = 


mCRC 


hv 


1 


hv- 


K 


K 


hv-i 
e  — ~  -1 


KT1 


hvp 
e  — - -  -1 


KT- 


(2-10) 


E«  = 


racRc 


hv- 


1 


hv 


!'  mN%| 


KT, 


-1 


hv 

1 

V 

i 

hv 

e 

KT2 

-1 

(2-11) 


Knowing  the  vibrational  temperature  of  the  energy  levels 
within  modes  I  and  II,  their  population  can  be  computed  as- 
suming a  Eoltzmann  distribution  locally  within  each  mode.  For 
example,  the  population  of  the  (001)  level  in  CO   is 
obtained  from 


N 


hv. 


N 


CO- 


001 


KT- 


Q 


(2-12) 


where  NCq   is  the  number  of  molecules  of  C0p  per  unit  volume 
and 
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-hv-.  W  /    -hvo\-2 
Q  =[  1-e  — -±   h-e 


KT-,  /   1      KT, 

1/   V      2  (2-13) 


is  the  partition  function. 
Similarly, 


hv-. 


N100  =  ^  e  KT, 

y  (2-14) 


C.   GAIN 

So  far  only  one  of  the  conditions  for  lasing  action, 
namely  population  inversion  as  a  requirement  for  stimulated 
emission,  has  been  considered.   Another,  equally  important 
factor  is  the  amplification  of  the  emitted  radiation  in  an 
optical  resonator.   For  lasing  to  take  place  it  is  required 
that  the  gain  be  great  enough  to  surpass  the  inevitable  re- 
sonator losses.   If  f  is  the  fractional  loss  per  pass,  then 
the  condition  needed  is  [Ref.15] 


I-In 
f  <  u 

I  (2-15) 


where  I„  and  I  are  light  intensities  before  and  after  pas- 
sage through  the  amplifying  material  and  are  related  by 

1  "  J0  e  (2-16) 

for  propagation  in  the  x  direction.   K  is  the  absorption 
coefficient  of  the  material, 
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Kx 


m  I 
i, 


-> 


K   =  -  i 


1  dl 
I  dx 


J 


(2-17) 


For  a  certain  frequency  v  the  rate  of  change  of  radiation 
intensity,  dl(v),  as  it  propagates  in  a  gas  along  the  x  axis 
is  governed  by  the  simultaneous  process  of  spontaneous 
emission,  stimulated  emission,  and  absorption. 

For  light  of  frequency  between  v  and  v+dv  the  increase 
of  energy  in  the  beam  is  given  by  [Ref.l6]: 

d[I(v)dv]  =  ]™[A:ndN_(v)+B0  I(v)dN  (v)-B   I(v)dN  (v)]dx 
*4tt  t-±      d  dx  d  12       1 

(2-16) 
where  A21»^21*  ^12  are  ^he  Einstein  coefficients  for  spon- 
taneous emission,  induced  emission,  and  absorption;  dN,(v) 
and  dl\L(v)  are  the  numbers  of  absorbers  and  emitters  in  the 
lower  and  upper  laser  levels;  c  is  the  velocity  of  light  in 
the  laser  medium. 

Equation  (2-18)  can  be  simplified  by  making  use  of  the 
fact  that  spontaneous  emission  is  non-directional  and  does 
therefore  not  contribute  significantly  to  laser  action,  as 
compared  with  induced  emission  which  is  coherent  with  the 
stimulating  radiation  and  therefore  reinforces  the  beam. 


1    dl(v) 
I(v)   dx 


hv 


dv  =  Tf7[B21dN2(v)-B12dN1(v)] 


(2-19) 
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Using  Equation  (2-17)  and  integrating  over  the  entire  line 
centered  around  v  , 

00 

J  "K(v)dV  "  5T   (B21N2-B12N1}  (2"20) 

0 

where  N   and  N   are  the  numbers  per  unit  volume  of  all  ab- 
12 

sorbers  and  emitters  on  the  transition  of  center  frequency 
v  .   From  Planck's  radiation  law  and  assuming  a  Boltzmann 
distribution  under  equilibrium  conditions,  the  following 
relations  can  be  derived  [Refs . 16 ,17] : 

S1B12  =  g2B21 

B21  =  T7~T   A?,  (2-21) 

.' 

where  g,  and  g?  are  the  degeneracies  of  the  lower  and  upper 
laser  levels.   It  should  be  noted  at  this  point  that  the  B 
coefficients  have  been  defined  in  terms  of  intensity  of  iso- 
tropic radiation,  I(v)/4ir  (see  also  Equation  (2-18)  ),  where- 
as the  original  Einstein  B  coefficients  were  defined  in 
terms  of  radiation  density.   The  two  kinds  of  B's  are  related 
by 

B(density)  =  £—  B(intensity)  (2-22) 


Also,  from  Ref .16, 


A21  = 


T21  (2-23) 
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where  t  is  the  radiative  lifetime  of  the  atom.   Substituting 
Equation  (2-21)  into  (2-20)  results  in 


00 


a(v)dv  =  S(vQ)  =  2^|1£2  /Si 

87TV2g   I  g    2      1  J  (2-24) 

0  1  \  2 


where  the  negative  absorption  coefficient  K(v)  has  been  re- 
defined as  gain  coefficient  a(v)  and  S(v_)  is  the  line 
strength.   A  graph  of  a(v)  vs.  v  is  given  in  Figure  6.  Here 
the  line  width  is  defined  to  be  given  by  Av ,  the  width  of 
the  emitted  line  at  half  maximum.   The  exact  shape  of  the 
curve  in  Figure  6  may  vary  depending  upon  which  physical 
principle  is  the  dominating  cause  for  line  broadening  in  a 
given  situation.   The  two  major  effects  to  be  considered 
are  Doppler  broadening  and  collision  broadening.   At  higher 
temperatures  or  lower  pressures  the  optical  transitions  in  a. 
gas  are  broadened  principally  by  Doppler  shifts  due  to 
thermal  motion  in  the  gas  [Ref.15].   The  result  is  a 
Gaussian  line  shape  with  a  Av  of 

Av  =  2v°f 2KT  ln2\1/2 

m    /       .  (2-25) 

where  K  =  Boltzmann  constant 

T  =  absolute  temperature 
m  =  mass  of  molecule. 

At  higher  pressures  and  lower  temperatures,  th  •  inter- 
molecular  collisions  significantly  reduce  the  ^ength  of 
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time  that  the  quantum  state  of  a  molecule  is  unperturbed 
[Ref.  15].   Collision  broadening  becomes  important,  result- 
ing in  a  Lorentzian  line  shape  with  Av  defined  by 


g(v)  =  *± 


Av 1 

(v_v0)2  + 


m 


(2-26) 


At  line  center, 


Av  =  2 


n   g(vQ) 


(2-27) 


where  g(vfi)  is  a  line  shape  factor  [Ref. 17]  given  by 


g(vQ) 


IN. a. 
i  1  1 


8RT/MCQ2  + 


Mi\Tl/2 


n 


M™   M, 


'CO 


/  -j 


(2-28) 


Here  N.  =  number  of  molecules  per  unit  volume  of  species  i 
collision  cross-section  for  collisions  between 
CC>2  and  species  i 


ai 


M 


C02 
M. 
R 


=  molecular  weight  of  C0? 

=  molecular  weight  of  species  i 

=  universal  gas  constant. 


The  gain  coefficient  for  collision  broadening  is,  from 
Ref .15, 

S(v0)        Av 


a(v)  = 


-vQ)2  +  (Avv 


(2-29) 
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The  gain  a   at  the  center  of  the  line  becomes,  substituting 
Equation  (2-24) 


=  _2_  c"A21g2/gl 
0    ttAv  "   2       No"N 

0S1  \g2       I  (2~30) 


At  pressures  above  10  torr  the  line  width  is,  from  Ref.17, 
predominantly  collision  broadened.   For  the  CO   laser  transi' 
tion  between  levels  (001)  and  (100),  with  g  =  g  =1,  the 
gain  can  finally  be  written,  making  use  of  Equation  (2-27), 

ao  =  B7  Aooi-ioo  Nooi  "  Nioo)  s(V 


(2-31) 


where  A  is  the  wavelength  at  center  line  and  g(vn)  is  as  de- 
fined by  Equation  (2-28).   The  following  data  are  given  in 
Ref .17: 


A001-100  =  T^[   =  5.3B  sec  =  °'186  (sec_1) 


'2 


■c0„  =  1.30  x  10"1M  (cm*) 


aN   =  0.87  x  10"lij  (cm2) 

a   =  0.37  x  10"14  (cm2) 
He 
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III.  THE  HN3-C02  LASER  SYSTEM 


In  the  previous  section  a  CO   laser  scheme  has  -been  in- 
vestigated in  which  the  upper  laser  level  was  pumped  pre- 
dominantly by  vibrational  energy  transfer  from  excited 
nitrogen.   An  obvious  way  to  increase  the  laser  efficiency 
is  to  find  a  pumping  scheme  where  ideally  all  or  at  least  a 
large  fraction  of  the  N  molecules  could  be  raised  to  an 
excited  energy  state.   One  method  of  achieving  this  was 
found  by  Basov  [Ref.l8]  who  in  July  1969  reported  the  suc- 
cessful operation  of  a  chemically  pumped  laser.  In  this  ex- 
periment Basov  obtained  population  inversion  within  the 
energy  levels  of  CO^  by  flash  photolysis  of  a  mixture  of 
hydrazoic  acid  (HN~)  and  carbon  dioxide  where  the  decomposi- 
tion of  HN_  produced  nitrogen  molecules  in  an  excited  state. 
A  very  similar  experiment  has  been  carried  out  by  Dzhidzhoev 
and  co-workers;  it  is  described  in  detail  in  Ref.19-   In 
this  work  only  the  highlights  of  the  CO  -HN   laser  will  be 
presented. 

The  mechanism  of  the  photolysis  reaction  is  principally 
determined  by  the  following  processes  [Ref s . 18 ,19] : 

HN   +  hv  t   NH*  +  N2  -  10  Kcal  (3-D 

NH*  +  HN3  t   H2  +  N2  +  N2*  +  152  Kcal              (3-2) 

N2*  +  aEN^t   aN2*  +  aNH*  +  N2  (3-3) 

N2*  +  M  t   N2  +  M*  (3-4) 

M  +  HN*  t   M*  +  HN  (3-5) 
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Here  HN*  and  N  *  are  vibrationally  excited  molecules.   M  is 

a  diluent  molecule,  and  a  is  the  average  number  of  HN, 

3 

molecules  activated  by  one  N2*  molecule. 

The  equations  above  form  a  chain  reaction  with  the  chain 
branched  for  a  >  1.   Rate  constants  are  not  available,  how- 
ever it  can  be  assumed  that  the  reaction  is  fast  compared  to 
the  rate  of  transfer  of  vibrational  energy  to  other  degrees 
of  freedom  [Ref.19].   This  is  important  since  lasing  can  only 
be  expected  if  the  pumping  rate  exceeds  the  relaxation  rate 
as  defined  by  Equation  (2-5).   In  Figure  7  a  graph  showing 
relative  intensity  vs.  time  of  the  triggering  light  flash 
and  the  resulting  lasing  action  is  given  as  obtained  by 
Basov  [Ref.l8]  with  a  resonator  of  1.5  m  length  and  30  mm 
diameter . 

For  the  energy  and  gain  calculations  of  the  C0?-HN_ 
laser  the  results  obtained  previously  for  the  C0_-N   laser 
can  be  used  with  a  slight  modification.   For  the  low  pres- 
sures of  a  few  torr  typically  employed  for  CCU-N-  lasers 
[Refs . 20 , 21] ,  the  modes  in  Figure  5  had  been  approximated  as 
harmonic  oscillators  that  were  assumed  to  relax  independently 
of  each  other.   This  is  no  longer  valid  at  the  higher  pres- 
sures used  in  the  COp-HN-.  laser,  typically  50  to  100  torr. 
For  this  case  energy  from  mode  II  is  fed  into  Mode  I  with 
the  result  that  the  lower  energy  level  can  no  longer  relax 
independently  of  the  upper  level.   The  energy  E   of  mode  I 
as  given  by  Equation  (2-3)  will  therefore  have  to  be 
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redefined  such  that  the  energy  feeding  from  mode  II  is 
included.   A  treatment  of  this  problem  is  given  in  Ref.22. 

The  gain  of  the  CO?-HN_  laser  is,  for  a  predominantly 
collision  broadened  line,  given  by  Equation  (2-31).   Un- 
known in  this  relation  are  the  populations  of  the  upper  and 
lower  laser  levels  of  CO  .   According  to  Ref.19  the  energy 
obtained  by  the  decomposition  of  HN   into  nitrogen  and 
hydrogen  is  71  Kcal/mole  and  it  may  be  assumed  that  most  of 
this  energy  is  transferred  into  the  vibrational  energy  of 
the  nitrogen  molecules.   However,  without  knowing  the  rate 
constants  in  Equations  (3-1)  through  (3-5),  the  number  of 
molecules  in  vibrationally  excited  states  of  COp  can  not  be 
calculated. 

An  alternative  method  to  obtain  a  measure  of  population 
inversion  for  the  CO  -HN^  laser  is  indicated  in  Ref.19.   The 
investigation  of  the  infrared  spectrum  of  C0p  emission  leads 
to  a  measure  of  the  vibrational  temperatures  in  modes  I  and 
II  as  defined  above.   Prom  Equations  (2-12)  and  (2-14)  the 
number  of  COp  molecules  in  the  upper  and  lower  laser  levels 
can  now  be  computed.   The  gain  calculation  for  the  C0p-HN_ 
laser  is  then  carried  out  as  described  in  Chapter  II-A.   A 
design  for  this  laser  is  given  in  the  following  chapter. 
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IV.  EXPERIMENTAL  TECHNIQUES 

A.   GENERAL  DESCRIPTION 

The  experimental  setup  of  the  CCU-HNo  laser  is  shown  in 
Figure  8.   It  is  distinguished  by  the  fact  that  the  central 
part,  consisting  of  the  laser  tube,  flashlamp  and  HNt  gene- 
rating unit  is  located  inside  a  fume  hood  with  an  exhaust  to 
the  outside.   This  is  necessary  because  hydrazoic  acid 
(HN_)  as  well  as  sodium  azide  (NaNO  ,  used  to  generate  HN~, 
are  highly  toxic.   During  the  experiment  the  hood  is  closed 
by  a  glass  sliding  window;  the  exhaust  system  is  used  to 
keep  the  pressure  inside  the  fume  hood  below  atmospheric, 
thus  preventing  any  gas  from  leaking  out.   Since  the  HN 
is  not  only  toxic  but  also  explosive,  additional  care  has  to 
be  taken.   A  plexiglass  shield  between  the  hood  and  the  con- 
trol  area  is  designed  to  protect  the  operator  in  the  case 
of  an  explosion. 

Due  to  the  lack  of  room,  the  remainder  of  the  vacuum 
equipment,  i.e.,  the  vacuum  pump  and  the  gas  storage  con- 
tainers had  to  be  removed  from  the  fume  hood  and  are  isolated 
from  it  by  valves.   Also  placed  outside  the  hood  is  the  en- 
tire electrical  and  control  system  with  the  exception  of  the 
flashlamp,  the  detector,  and  necessary  leads.   As  a  protec- 
tion against  possible  electrical  hazard  the  capacitor  bank 
is  covered  with  plywood  panels. 
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The  flashlamp  is  a  linear  xenon-filled  quartz  tube 
mounted  parallel  to  the  laser  tube  at  a  distance  of  about 
1.5  cm.   To  intensify  the  light  flash  and  ensure  fast  and 
simultaneous  initiation  of  the  photolysis  reaction  over  the 
entire  length  of  the  laser  both  tubes  are  enclosed  by  a 
common  cylindrical  metal  shell  lined  with  highly  reflecting 
aluminum  foil. 

To  detect  the  laser  output  at  10.6  microns  a  gold  doped 
germanium  infrared  detector  is  used,  operated  at  77°K  (liquid 
nitrogen  temperature).   The  output  is  amplified  and  made 
visible  on  a  dual  beam  oscilloscope.   The  other  beam  simul- 
taneously shows  the  input  from  the  flashlamp  using  a  photo 
diode . 

The  laser  is  operated  at  room  temperature .   The  tempera- 
ture inside  the  fume  hood  is  normally  raised  a  few  degrees 
using  a  100  W  light  bulb  to  minimize  deterioration  of  the 
sodium  chloride  laser  windows . 

The  experiment  consists  of  the  following  basic  steps: 

1.  The  HN_  generating  apparatus  is  set  up  with  measured 
amounts  of  reagents  ready  for  mixing. 

2.  The  capacitor  bank  is  charged  to  desired  voltage. 

3.  Generation  of  HN.-,  is  started  and  the  evacuated  sys- 
tem is  filled  with  predetermined  amounts  of  HN  ,  CO  ,  and 
any  additional  gases. 

4.  The  laser  is  ready  for  one-shot  operation.   Photoly- 
sis is  started  by  firing  of  flashlamp. 

5.  Lasing  action  occurs  and  is  recorded  on  oscilloscope. 
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B.   HN~  GENERATING  SYSTEM 

Hydrazoic  acid  (HN  )  is  generated  in  a  pyrex  flask 
(Figure  9)  using  (1)  NaN  ,  sodium  oxide  (solid  in  powder 
form),  and  (2)  H^POh,  phosphoric  acid  (syrupy  solution  in 
water,  Q0%)  .      The  amount  of  NaN   is  measured  accurately., 
mixed  with  mineral  oil  and  placed  into  the  generating  flask 
by  removing  the  relief  valve  assembly.   The  mineral  oil  con- 
siderably eases  handling  of  the  highly  toxic  and  somewhat 
explosive  NaN  powder  and  will  not  affect  the  experiment 
[Ref.23].   HoP^ii  is  added  to  obtain  the  following  reaction: 

NaN   +  H^PO^  +   HN   NaH  PO  (4-1) 

Knowing  the  volume  of  the  vacuum  system  the  necessary  amount 
of  NaN   can  be  calculated  to  obtain  any  desired  partial  pres- 
sure of  HN  .   The  quantity  of  H  PO.  used  in  the  generation 
of  HN   is  chosen  slightly  higher  than  required  by  Equation 

(4-1)  to  ensure  complete  reaction  of  NaN  .   Like  the  mineral 

3 

oil,  the  excess  phosphoric  acid  does  not  interfere  with  the 
experiment  [Ref.23]  and  will  be  neglected.   A  magnetic  stir 
(with  teflon  covering)  is  used  to  keep  the  reagents 
thoroughly  mixed. 

The  generated  HN   is  then  brought  into  the  stainless 
steel  manifold  through  a  combination  of  two  ball  joints  and 
a  flexible  connection  (bellows).   This  arrangement  provides 
a  fast  and  easy  way  to  disconnect  the  generating  unit  from 
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the  manifold  after  each  experiment  for  cleaning  purposes  and 
also  ensures  a  reliable  vacuum  seal  after  replacement. 

The  measuring  of  the  NaN   is  done  by  weighing  an  amount- 
in  a  small  glass  jar  of  known  weight.   The  filling  of  the 
jar  and  necessary  adjustments  are  made  inside  the  fume  hood 
to  avoid  accidental  breathing  of  the  powder.   During  the 
procedure  the  sliding  window  is  opened  just  enough  to  reach 
inside  the  hood. 

H_PCv  is  measured  by  manually  opening  stopcock  Ml  slight- 
ly while  the  system  is  evacuated.   The  desired  amount  can  be 

3 
read  from  a  mm   scale  as  shown  in  Figure  9-   M2  is  kept 

closed  during  measuring  to  avoid  accidental  spilling  into 

the  generating  flask.   After  closing  the  sliding  window, 

generation  of  HN   is  started  by  opening  A  with  a  reversible 

AC  motor.   The  motor  turns  the  stopcock  90°  in  15  seconds 

with  an  automatic  stop  in  the  open  and  closed  position.   A 

relief  valve  opens  to  the  exhaust  at  atmospheric  pressure 

to  prevent  damage  from  possible  overpressure  in  the 

generating  unit.   The  valve  is  also  used  during  flushing  of 

the  system. 

A  procedure  for  the  operation  of  the  generating  system 

as  part  of  the  gas  handling  system  is  given  in  Appendix  B. 

C.   VACUUM  SYSTEM 

The  design  of  the  vacuum  system  was  determined  by  the 
following  requirements : 

1.   To  provide  a  specified  mixture  of  gase   to  the  laser 
tube . 
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2.  It  must  consist  of  non-corrosive  materials  for 
handling  of  hydrazoic  acid. 

3.  Location  of  those  parts  of  the  system  exposed  to 
HN   within  the  fume  hood. 

4.  Operation  of  the  system  by  remote  control. 

A  schematic  of  the  system  is  given  in  Figure  10.   It  con- 
sists of  1/4"  stainless  steel  tubing  and  a  1/8"  manifold. 
This  allows  the  use  of  stainless  steel  valves  that  are  oper- 
ated by  solenoids  from  a  remote  control  panel.   A  mechanical 
vacuum  pump  is  used  able  to  produce  a  vacuum  of  10~3  torr. 
Before  each  experiment  the  system  is  flushed  with  nitrogen, 
to  eliminate  unwanted  gases.   Nitrogen  was  chosen  since  it 
is  also  used  as  a  component  in  the  laser  gas  mixture  and  any 
remaining  traces  after  pumping  will  therefore  not  affect  the 
outcome  of  the  experiment.   A  regulator  between  the  nitrogen 
bottle  and  valve  B  is  installed  to  provide  constant  pressure 
to  the  system  and  as  a  precaution  against  accidental 
overpressure . 

The  gases  used  in  the  laser  are  of  research  grade  and 
come  in  1  liter  pyrex  flasks  at  a  pressure  of  755  mm  of 
mercury.   Their  guaranteed  purity  is: 

C02:  99-995% 
N2:  99.999% 
He:  99.9995% 

The  flasks  are  connected  to  the  manifold  using  glass-to- 
metal  seals.   Each  gas  component  employed  in  an  experiment 
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is  introduced  into  the  system  separately  through  valves  S,C3 
N,  and  H.   Since  the  solenoids  do  not  allow  gradual  opening, 
needle  valves  with  a  preset  flow  rate  are  located  immediately 
behind  the  inlets.   Manually  operated  bypasses  provide  an 
easy  way  to  adjust  the  rate  of  flow  to  a  convenient  value. 
This  allows  an  accurate  measurement  of  each  gas  component 
present  by  observing  the  absolute  pressure  in  the  system. 
The  pressure  is  measured  using  a  stainless  steel  Bourdon  tube 
gauge  with  a  range  from  0  to  750  mm  of  mercury  with  a  preci- 
sion of  0.1%  full  scale.   For  more  accurate  readings  at  low 
pressures  an  additional  thermocouple  gauge  is  used. 

The  laser  tube  consists  of  fused  quartz  and  is  60  cm  long 
with  20  mm  inner  diameter.   The  ends  are  closed  with  sodium 
chloride  Brewster  windows  that  are  glued  to  the  laser  tube 
ends  with  General  Electric  silicone  rubber  for  an  easy, 
inexpensive  and  effective  seal.   The  laser  tube  is  connected 
to  the  stainless  steel  tubing  by  a  combination  of  ball  joints 
and  stainless  bellows  as  shown  in  Figure  10.   This  has  the 
twofold  advantage  of  eliminating  mechanical  tension  between 
the  laser  tube  and  the  rest  of  the  system  and  it  makes  the 
installation  particularly  simple. 

A  step-by-step  procedure  for  the  operation  of  the  entire 
gas  handling  system  is  given  in  Appendix  B. 
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D.   FLASHLAMP  DRIVING  CURCUIT 

The  flashlamp  driving  circuit  consists  of  two  electric- 
ally isolated  parts:  The  discharge  circuit  and  the 
triggering  network. 

The  discharge  circuit  has  the  following  components: 

1.  An  ILC  model  10L24  xenon  filled  flashlamp,  60  cm  by 
10  mm,  with  a  fused  quartz  envelope  and  nickel  plated  copper 
electrodes . 

2.  A  capacitor  bank  consisting  of  four  7  yF  and  two 
1.5  yF  high  voltage  (up  to  25  KV)  capacitors  in  parallel.. 

3.  An  inductance  made  of  3/8  inch  copper  tubing  with  25 
windings  and  a  diameter  of  15  cm. 

The  components  are  put  together  in  series  as  shown  in 
Figure  11,  using  3  x  1/4  inch  copper  bars  and,  inside  the 
fume  hood,  3/8  inch  copper  tubing.   All  connections  are  sil- 
ver soldered  to  minimize  losses.   The  remaining  very  small 
ohmic  resistance  (R  =  0.0018  ohms)  has  been  neglected  in  the 
circuit  design.   The  effects  will  be  considered  later. 

A  calculation  of  the  operating  parameters  is  given  in 
Appendix  C.   The  most  important  single  parameter,  the  pulse 
duration  T,  is  determined  by  the  values  of  C  and  L.   Since 
variations  in  C  are  not  easily  obtainable  due  to  the  physical 
size  of  the  capacitors,  the  desired  pulse  duration  is  speci- 
fied by  the  inductance.   It  must  be  short  enough  to  avoid 
overlapping  with  the  beginning  of  laser  action  [Ref .18].   On 
the  other  hand,  Markiewicz  and  Emmett  [Ref. 24"  point  out 
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that  at  total  pulse  lengths  of  less  than  100  to  125  sec  an 
additional  arc  inductance  and  hysteresis  in  the  V-I-charac- 
teristic  become  important  for  flashlamps  of  the  kind  used. 
For  the  range  of  operation  in  this  study,  the  voltage- 
current  characteristic  of  the  flashlamp  can  be  represented 
[Ref.24]  as 

v  =  ±  KQ  |  i  |1/2  (4-2) 

The  sign  is  chosen  to  be  the  same  as  the  sign  of  i.   K 

0 

is  the  lamp  impedance  parameter  and  can  be  considered  to  be 
a  nonlinear  resistance  with  units  (ohms  -  amps  1/2).  Kn  is 
determined  by 


0     d  (4-3) 


where 

1  =  length  of  discharge  column 
d  =  diameter  of  discharge  column 

k  =  proportionality  constant,  dependent  on  gas  mixture 
in  the  lamp. 

For  the  flashlamp  used  KQ  is  given  by  the  manufacturer. 

The  flashlamp  discharge  curcuit  shown  in  Figure  11  is 
described  by  the  nonlinear  differential  equation: 

t 

t  di   „    i  .  1 1/2    1  (  ,,  .  , 

L  dt  *  K0I  1  I     +cj    I  dt  -  V  (4-4) 

0 
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where  V  =  voltage  of  the  capacitor  bank.  This  relationship 
can  be  simplified  by  making  the  following  substitutions  and 
normalizations : 


Z0  "  (  C 


i   =   I 


a/2 


V 


x   =   (LC) 


1/2 


tr  -  *■ 


a  = 
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(VZq)1/2 


] 


> 


(1-5) 


(4-6) 


Equation  (4-4)  now  becomes 


dl       I  _  | 1/2 

^r-*-   ±  a    I  |     +      I  dt 


; 


(4-7) 


0 


where  a  is  the  damping  parameter  for  the  circuit.   A  solution 
of  Equation  (4-7)  has  been  obtained  by  Markiewicz  and  Emmett 
using  a  digital  computer.   Using  their  results  and  the  data 
calculated  in  Appendix  C,  a  graph  of  I  vs .  t  is  given  in 
Figure  12.   The  energy  dissipated  in  the  lamp  is 


E  =   / 

0 


(4-8) 


where  the  power  P  is  given  by 
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P  =  vi  =  KQ  |  i  |3/2  (4-9) 

A  graph  of  E  vs.  t  is  given  in  Figure  13 . 

So  far  the  effect  of  circuit  loss  has  not  been  consider- 
ed.  A  constant  resistive  loss  R  in  the  circuit  will  produce 
a  term  Ri  in  Equation  (4-4),  which  will  modify  Equation  (4-7) 
to  become 


dls 


dt 


\±   [a  +    Hs|1/2|-]    |i    |1/2   +    f ■     idt'-l 


(4-10) 


The  energy  dissipated  by  this  linear  loss  is 


J  is  dt  (Z|_11) 


E   = 


Assuming  that  for  very _ small  R,  i   can  be  approximated  by 
i  as  calculated  for  the  lossless  case,  ER  can  be  estimated 
using  Figure  12.   For  the  given  circuit  parameters  the  loss 
is  found  to  be  within  1%   of  the  energy  supplied  to  the 
flashlamp  and  can  be  neglected  in  this  case.   It  would  in- 
crease, however,  to  about  10$  if  the  resistive  loss  were 
only  a  little  higher,  like  0.04  ohms. 

Another  factor  that  might  affect  the  flashlamp  perfor- 
mance are  the  effects  of  short  pulses  mentioned  earlier. 
Both  hysteresis  and  arc  inductance  tend  to  produce  a  pulse 
that  is  more  underdamped  than  would  be  expectc  .   At  the 
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short  pulse  duration  selected  for  this  experiment  some  of 
these  effects  may  be  present. 

The  triggering  network  essentially  represents  a  switch 
in  the  discharge  circuit  that  must  be  closed  to  dump  the 
energy  from  the  capacitor  bank  into  the  lamp.   A  description 
of  the  trigger  circuit  is  given  in  the  following  section. 

E.   ELECTRICAL  SYSTEM 

The  electrical  system  basically  consists  of  the  high 
voltage  charging  system  for  the  capacitor  bank,  the  charging 
control  system,  and  the  trigger  circuit.   The  circuitry  for 
the  remote  control  operation  of  the  gas  handling  system  is 
also  included  in  this  section.   A  brief  description  of  each 
of  these  basic  elements  is  given  below,   The  system  has  been 
designed  and  built  nearly  entirely  from  components  available 
on  campus.   In  particular,  portions  of  the  high  voltage 
equipment  used  in  earlier  experiments  ("exploding  wire"  and 
others)  could  be  used  directly  or  were  modified  for  use  in 
the  charging  system. 

1 .   Charging  System 

A  basic  block  diagram  of  the  charging  system  is  given 
in  Figure  14.   In  the  "dumped"  condition  the  high  voltage 
vacuum  switches  are  in  their  normal  (de-energized)  position: 
switch  1  is  open,  switch  2  closed.   In  the  "charging"  condi- 
tion the  position  of  the  vacuum  switches  is  reversed  and 
the  capacitor  bank  is  charged  in  series  with  a  3  Mft  resis- 
tor by  a  NJE  (New  Jersey  Electronics)  Model  HA-51  variable 
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high  voltage  power  supply  (0-30  KV  0-10yA) .   The  charging 
current  can  be  read  from  an  ampere  meter  in  the  power  supply 
panel  (not  shown  in  Figure  14) . 

The  voltage  on  the  capacitor  bank  is  indicated  by  a 
20yA  API  (Assembly  Products,  Inc.)  meter  relay,  connected  in 
series  with  a  200  MQ.   resistor  and  calibrated  as  a  voltmeter. 
It  also  is  the  main  controlling  element  in  the  charging  sys- 
tem which  interrupts  the  charging  process  at  the  preset 
voltage . 

2 .   Charging  Control  System 

A  diagram  of  the  charging  control  curcuit  is  given 
in  Figure  15-   In  the  "charging"  condition  relay  R  is 
closed,  switch  2  open.   As  soon  as  the  preset  voltage  is 
reached  and  the  pointers  of  the  meter  relay  make  contact, 
R,  is  energized  and  reverses  the  position  of  switches  1  and 
2.   Closing  the  "fire"  push  button  activates  R   and  in  turn 
de-energizes  R  .   The  system  is  back  in  the  charging 
condition . 

Indicator  lights  are  connected  as  shown.   As  a  safe- 
ty precaution  a  charge  warning  flasher  and  a  microswitch  at 
the  fume  hood  window  have  been  included  in  the  charging 
circuit.   Opening  of  the  sliding  window  has  the  same  effect 
as  putting  Sp  into  "dump"  position:  interruption  of  the 
charging  process  and  dumping  of  any  charge  on  the  capacitor 
bank. 
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3.  Trigger  Circuit 

The  flashlamp  trigger  circuit  (Figure  16)  consists 
of  a  Dressen-Barnes  300  volt,  70  yA  DC  power  supply,  an 
8uF  oilfilled  capacitor  and  an  ILC  Model  T105  trigger  trans- 
former with  a  step-up  ratio  of  60:1.   The  circuit  is  control- 
led by  a  relay,  R  ,  that  is  energized  by  pressing  the  "fire" 
push  button. 

4.  Gas  Handling  Control  System 

The  remote  control  operation  of  the  valves  in  the 
vacuum  system  was  necessary  due  to  the  hazardous  character- 
istic of  some  of  the  substances  used  as  mentioned  earlier. 
Not  only  was  it  necessary  to  open  and  close  the  valves  from 
a  remote  control  panel  (as  shown  in  Appendix  G)  but  it  was 
also  desirable  to  have  an  indication  of  the  state  of  each 
valve  at  a  glance  in  order  to  avoid  accidental  operation  of 
valves.   The  circuit  designed  to  both  control  the  solenoids 
for  operation  of  the  valves  and  drive  the  indicator  lights 
is  given  in  Figure  17.   Only  two  of  the  solenoids  are 
shown  in  the  drawing.   The  others  are  omitted  for  simplicity. 
In  addition,  the  connection  of  the  reversible  AC  motor  that 
opens  and  closes  stopcock  A  in  Figure  9  is  shown. 

Operation  of  the  switches  for  valve  control  at  the 
panel  (S   and  S,  in  Figure  17)  energizes  the  solenoids  that 
open  the  valves.   At  the  same  time  an  indicator  light  bulb 
lights  up  on  the  panel.   The  operation  of  the  indicator 
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lights  can  be  checked  separately  without  energizing  the 
solenoids  by  closing  check  switch  S^. 

F.   OPTICAL  SYSTEM 

The  optical  system  consists  of  the  light  generator 
(laser  tube),  light  amplifier  (resonant  optical  cavity),  and 
light  detector.   An  alignment  arrangement,  although  in  itself 
not  part  of  the  optical  system,  is  required  to  adjust  the 
system  components  to  the  optical  axis.   A  schematic  is  given 
in  Figure  18. 

The  laser  tube  is  60  centimeters  long  with  an  inner  dia- 
meter of  20  mm  and  wall  thickness  of  1.5  mm.   It  consists  of 
fused  quartz  with  38  mm  diameter,  4  mm  thick,  sodium  chloride 
windows.   One  window,  Wp ,  is  attached  at  the  Brewster  angle 
of  56°40'  (for  sodium  chloride)  to  minimize  reflection,  but 
the  other,  w, ,  is  attached  at  40°  to  reflect  on  each  pass 
approximately  1.5%   of  the  incident  radiation  [Ref.15].   To 
avoid  losses  from  mismatched  polarization  of  the  created 
light,  the  ends  of  the  laser  tube  have  to  be  cut  carefully 
at  the  specified  angle  such  that  the  smaller  axes  of  the 
ellipses  created  by  the  cut  are  exactly  parallel.   To  achieve 
this,  the  following  method  was  used: 

The  ends  of  the  laser  tube  were  cut  roughly  at  the  de- 
sired angle.   Then  the  tube  was  mounted  on  a  bench  as  shown 
in  Figure  19  with  one  of  the  ends  resting  on  a  turntable 
with  some  grinding  compound.   By  moving  the  t1  be  mount  as 
indicated,  any  desired  angle  can  be  accurate!,  obtained. 
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Moreover,  after  turning  the  tube  by  180°  around  its  trans- 
verse axis  the  other  end  will  be  ground  as  specified  above. 
The  finished  laser  tube  is  mounted  on  a  standard  laboratory 
type  optical  bench  with  its  longitudinal  axis  parallel  to 
the  center  line  of  the  bench. 

The  optical  cavity  is  formed  by  two  stainless  steel 
(coated  with  nickel-chromium)  spherically  concave  mirrors 
of  radius  R   =  4  meters  and  R  =  10  meters.   The  mirrors 
are  placed  a  distance  L  =  78  cm  apart  in  gimbal  mounts  on 
the  optical  bench,  one  on  each  side  of  the  laser  tube  and 
aligned  with  it .   In  this  arrangement  the  stability  condi- 
tions for  confocal  resonators  with  mirrors  of  unequal  radii 
are  fulfilled  (Appendix  D) . 

The  spot  sizes  of  the  laser  beam  on  the  two  mirrors  can 
be  calculated  using  Gaussian  beam  theory  [Ref.25].   The 
following  relations  apply: 
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From  these  equations  the  spot  radii  are  found  to  be,  for 
X   =  10.6um, 

r  =  2.35  •  10~3  (meters) 
r  =  2.20  •  10~3  (meters). 

The  diameter  of  the  larger  spot  is  twice  r   or  4 . 7 
millimeters.   This  spot  size  applies  to  the  lowest  order 
mode.   The  comparatively  large  diameter  of  the  laser  tube, 
however,  also  allows  higher  order  modes  to  exist  which  ex- 
tend further  in  the  transverse  direction  and  have  most  of 
their  energy  off  axis.   The  actual  spot  size  may  therefore 
be  bigger  than  calculated  above.   Since  in  this  experiment 
the  modes  of  oscillation  are  of  m^ nor  importance ,  no  further 
discussion  of  this  subject  will  be  presented. 

The  amount  of  light  decoupled  from  the  cavity  by  window 

W   is  reflected  by  a  plane  front  coated  mirror,  M  ,  from 

where  it  falls  at  right  angles  onto  the  light  sensitive 

element  of  an  infrared  detector.   The  detector  used  is  a 

gold  doped  germanium  photoconductive  infrared  detector  that 

requires  cooling  by  liquid  nitrogen.   The  sensitive  element 

is  mounted  in  a  side-looking  design  dewar  package  with  a 

liquid  nitrogen  holding  time  of  approximately  6  hours.   The 

device  is  sensitive  to  radiation  from  1.0  to  approximately 

10  microns.   At  the  expected  CO   laser  radiation  of  10.6  pm 

2 

the  detector  output  is  1  volt  for  every  watt  of  IR  input  with 
a  response  time  of  less  than  one  microsecond.   The  bias 
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arrangement  for  the  detector  is  shown  in  Figure  20.   The  out- 
put is  fed  directly  into  the  preamplifiers  of  a  Model  551 
Tektronix  oscilloscope. 

For  the  alignment  of  the  optical  system  a  commercial 
He-Ne  laser  is  used  with  a  continuous  output  of  one  milli- 
watt of  red  light .   An  alignment  procedure  is  given  in 
Appendix  E. 
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V.  EXPERIMENTAL  RESULTS 

A.   PRELIMINARY  EXPERIMENTS 

After  the  construction  of  the  laser  system  was  completed 
several  experiments  were  carried  out  to  test  individual 
sections  of  the  system. 

1 .  Operation  of  the  Charging  and  Triggering  System 
A  number  of  modifications  and  improvements  were 

found  necessary  before  the  final  design  as  described  in 
Section  IV-E  was  arrived  at.   A  listing  of  the  changes  made 
would  contribute  little  to  the  understanding  of  the  system 
operation  and  would  be  beyond  the  scope  of  this  work.   One 
modification 3  however,  should  be  mentioned.   After  the  ori- 
ginal low  power  500V  supply  of  the  triggering  circuit  was 
damaged  by  overheating  it  was  replaced  by  the  300V  supply 
presently  used  because  a  more  powerful  500V  supply  was  not 
immediately  available.   A  series  of  flash  experiments  show- 
ed that  even  at  discharge  voltages  as  low  as  4.5  KV  the 
flashlamp  could  be  reliably  triggered. 

2 .  Operation  of  the  IR  Detector  and  Photomultiplier 
For  the  detection  of  the  light  output  from  the 

flashlamp  a  photomultiplier  tube  was  originally  used.   The 
pulse  duration  obtained  was  approximately  lOOOysec,  as  com- 
pared with  the  expected  value  of  lOOysec.   In  control  ex- 
periments using  the  infrared  detector  it  was  found  that  the 
long  fall  time  of  the  PM  was  responsible  for  this  (Figure  27) 


47 


the  same  experiments  also  showed  that  the  rise  time  of  the 
photomultiplier  is  of  the  order  of  lOOusec. 

The  output  from  the  IR  detector  (Figure  27)  indicat- 
ed that  its  response  sufficiently  overlaps  with  the  spectral 
range  of  the  flashlamp  output  to  make  it  useful  for  the  de- 
tection of  the  light  input  to  the  laser.   The  rise  time  of 
the  light  pulse  as  measured  by  the  IR  detector  was  about 
30usec  which  agrees  with  the  expected  value.   The  fall  time, 
however,  was  even  longer  when  measured  with  the  IR  detector 
than  it  had  been  with  the  photomultiplier.   This  indicates 
that  the  infrared  detector  was  saturated  and  its  output 
possibly  influenced  by  other  effects  in  addition  to  the 
light  flash. 

To  get  a  more  correct  shape  of  the  light  pulse  the 
IR  detector  was  removed  from  the  immediate  neighborhood  of 
current  carrying  leads  and  the  light  input  was  decreased  by 
using  an  aperture  with  a  small  pinhole  in  front  of  the  de- 
tection crystal.   In  addition,  the  detector  was  directed 
toward  the  wall  and  shielded  from  the  flashlamp  by  a  metal 
sheet  to  avoid  effects  from  heat  radiation  from  the  lamp. 
The  pulse  shape  of  the  light  flash  obtained  in  this  arrange- 
ment is  shown  in  Figure  28.   On  the  same  photograph  the 
shape  of  the  current  pulse  in  the  discharge  current  lead  is 
given.   Figure  29  shows  the  detector  output  of  the  light 
flash  with  the  detector  in  proper  position  for  the  detection 
of  lasing  action.   An  "Irtran"  filter  has  been  used  to  de- 
crease the  light  intensity  in  the  visible.   Ti 3  picture 
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clearly  shows  that  the  current  pulse  for  the  discharge  cur- 
rent lead  is  picked  up  by  the  detector  and  superimposed  on 
the  detected  light  pulse.   It  is  suggested  that  in  further 
experimentation,  the  IR  detector  be  relocated  at  a  distance 
as  far  from  any  current  leads  as  it  is  possible  within  the 
narrow  dimensions  of  the  fume  hood  and  that  a  copper  wire 
mesh  be  put  around  the  detector  to  minimize  pickup  from  any 
sources  other  than  the  light  to  be  detected. 

The  total  pulse  duration  of  the  light  flash  in 
Figure  28  is  about  250usec,  still  more  than  twice  as  long 
as  expected.   The  current  pulse  in  Figure  28,  however,  is 
only  about  lOOusec  long  which  might  indicate  that  the  flash 
duration  could  be  shorter  than  indicated  by  the  detector. 
3 •   Operation  of  the  Discharge  Circuit 

The  discharge  circuit  was  designed  to  deliver  a  cur- 
rent pulse  of  critical  damping,  as  shown  in  Figure  12.   The 
actual  pulse  shape  has  been  determined  in  several  flash  dis- 
charges at  voltages  between  5  and  8  KV  to  be  an  underdamped 
pulse  with  Figures  28  and  31  giving  typical  examples.   The 
current  has  been  measured  by  winding  four  turns  of  an  insu- 
lated single  wire  lead  around  the  high  current  lead  and  con- 
necting the  ends  of  the  wire  to  the  oscilloscope.   The 
explanation  for  the  underdamped  pulse  is  very  likely  to  be 
the  arc  inductance  that,  as  pointed  out  in  Section  IV-D, 
becomes  important  at  pulse  durations  below  100  to  150ysec. 
From  Equation  (4-6)  it  can  be  seen  that  the  damping  factor 
can  be  increased  by  decreasing  the  inductance    It  is 
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suggested,  therefore,  that  prior  to  further  experimentation 
the  inductance  L  in  the  discharge  circuit  be  decreased  by 
short  circuiting  part  or  all  of  the  turns.   Because  the  arc 
inductance  can  only  be  guessed  by  comparing  the  actual  cur- 
rent pulse  with  Figure  12  -  a  short  calculation  using 
Equation  (4-6)  and  assuming  a  damping  factor  of  approximately 
0.6  for  the  current  pulse  indicates  an  arc  inductance  rough- 
ly two  times  as  big  as  L  -,  this  should  be  done  in  steps  and 
the  change  of  the  current  pulse  shape  recorded  in  repeated 
discharges . 

The  capacitor  voltage  was  measured  using  a  Tektronix 
high  voltage  probe  with  a  step-down  ratio  of  100  to  1.   The 
voltage  change  during  the  discharge  is  shown  in  Figures  30 
and  31-   The  shape  of  the  curves  also  indicates  a  shorter 
pulse  duration  than  was  obtained  from  the  IR  detector, 
approximately  150usec.   Here  the  sharp  voltage  drop  in  the 
first  part  of  the  curve  is  assumed  to  be  due  to  the  flash 
discharge,  whereas  the  following  slow  decrease  is  assumed 
to  be  caused  by  an  afterglow  of  the  lamp. 
^1 .   Operation  of  the  Vacuum  System 

The  remote  control  operation  of  the  vacuum  system 
has  caused  no  problems.   All  major  leaks  have  been  found  and 
sealed.   Due  to  the  many  connections  in  the  system  -  every 
valve  alone  requires  two  connections  -  smaller  leaks  have 
not  all  been  found  and  a  helium  leak  detector  will  have  to 
be  employed.   However,  since  the  system  is  not  designed  as 
a  high-vacuum  system,  a  small  amount  of  leakage  can  not  be 
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completely  avoided.   At  the  present  time  leakage  amounts  to 
a  pressure  increase  of  approximately  5  mm  of  mercury  per 
hour. 
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VI.  SUMMARY 

The  major  objectives  of  this  project  were  to  design  and 
construct  a  chemical  CO  -HN   laser  system  with  initiation  by 
photolysis  of  HN~.   These  objectives  have  been  achieved,  a 
complete  laser  system  has  been  developed  and  its  major  parts 
been  tested.   Possible  improvements  are  suggested. 

The  major  accomplishments  in  the  development  of  this 
system  are  summarized  as  follows : 

1.  A  quartz  laser  tube  with  NaCl  Brewster  windows  was 
designed  and  fabricated. 

2.  A  linear  high  power  flashlamp  was  selected  and 
installed . 

3.  Design  and  construction  of  a  corrosion  resistant 
remote  control  gas  handling  system. 

4.  A  remote  control  HN.-,  generating  system  was 
developed. 

5.  A  high  power  flashlamp  driving  system  was  designed 
and  fabricated. 

6.  Design  and  installation  of  a  reliable  charging  and 
control  system. 

7.  Arrangement  of  the  vacuum  and  generating  systems 
inside  a  fume  hood  with  an  exhaust  to  the  outside. 

In  addition,  the  basic  principles  and  equations  govern- 
ing the  operation  of  a  COp-N   laser  system  have  been 
included. 
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The  operation  of  the  laser  has  not  been  part  of  this 
work.   This  will  be  accomplished  by  Francis  G.  Helmsin,  also 
of  the  U.S.  Naval  Postgraduate  School,  who  will  continue  with 
the  project. 


53 


APPENDIX  A:  VIBRATIONAL  RELAXATION  TIMES 


The  vibrational  relaxation  times  are  taken  from  the 
survey  of  Taylor  and  Bitterman  [Ref.12]  and  from  Ref.26. 
Included  are  relaxation  due  to  collisions  with  C0?,  N2 ,  and 
He. 


pxa(C02-N2) 


pxa(co2-co2) 


I.S'IO^T-VS)^ 


2iZl  (T-300)  +  0.27 


pia(C02-N2) 


PTa(C02»He) 

log[pxb(N2-N2)] 

PTb(N2-C02) 


for  T  <  2000°K 
=  pxa(C02-N2) 
=  93(T_1/3)  -  4.61 


=  PTb(N2-N2) 


log[pTb(N2-He)]    =  60.7(T~1/3)  -  4.168 
log[PTc(C02-C02)]   =  17.8(T~1/3)  -  1.808 


pxc(C02-N2) 


=  4px  (C0Q-C0  ) 
c    2    2 

■1/3 


log[px  (CO  -He)]    =  5.76(T  /J)    -   1.297 

In  the  above  correlations,  px  is  in  (usec-atm.)  and  T  is  in 
(°K).   At  an  assumed  temperature  of  T  =  300°K  the  relaxation 
times  become: 
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pxa(C02-N2) 


=  12.0    ysec-atm 


pTa(C02-C02)   =  3.24    ysec-atm 

pxo(C09-He)    =  12.0    ysec-atm 
a    <- 


pxb(N2-N2)     =  2»109   ysec-atm 
px  (N2-C02)    =  2«109   ysec-atm 


px  (Np-He)     =  80«103  ysec-atm 


px  (COp-CO  )   =  7-0     ysec-atm 


px  (CO.-N  ) 
1  c    2   2 


=  2  8.0   ysec-atm 


px  (C02-He)    =  0.428   ysec-atm 


55 


APPENDIX  B:  OPERATION  OF  THE  GAS  HANDLING  SYSTEM 

A  step-by-step  procedure  is  given  for  the  operation  of 
the  gas  handling  system.  At  the  end  of  each  step  the  open 
valves  are  listed  to  provide  an  additional  control. 

Preparation  of  Experiment 

Capacitor  bank  not  charged.   Fume  hood  open. 

1.  Clean  system,  close  all  valves.  [No  valves  open.] 

2.  Weigh  desired  amount  of  NaH„,  add  mineral  oil,  shake 
Remove,  stopcock  from  generating  flask,  pour  mixture  into 
flask,  replace  stopcock.   [No  valves  open.] 

3.  Fill  H  PO,  (syrupy)  into  storage  container.   [No 
valves  open.] 

4.  Open  S  and  T,  flush  with  N  by  opening  and  closing 
B.   Close  S.   [Open:   T. ] 

5.  Open  0,  M,  and  I,  flush  with  N   by  opening  and 
closing  B.   Close  0.   [Open:  T,  I,  M.] 

6.  Open  M2  and  S.   Switch  on  pump.   Open  P.   Pump  down. 
[Open  T,  I,  M,  M2 ,  S,  P.] 

7.  Close  M2 .  Open  Ml  and  fill  pipette  to  the  desired 
height.   Close  Ml.   [Open:  T,  I,  M,  S,  P.] 

Performing  of  Experiment 

Capacitor  bank  charged.   Fume  hood  closed. 

8.  Close  T,  S,  and  P.   Drain  H  PO^  by  opening  and 
closing  A  (motor  takes  15  sec.  to  turn  valve).   Generate 
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HN  .   Fill  x  mm  HN   into  laser  tube  by  opening  and  closing 
S.   [Open:  I,  M. ] 

9.  Open  T.   Add  y  mm  C0?  by  opening  and  closing  C. 
[Open:  T,  I,  M.] 

10.  Add  y2  mm  N~  by  opening  and  closing  N.   [Open:  T,  I, 
M.] 

11.  Add  y   mm  He  by  opening  and  closing  H.   [Open:  T,  I, 
M.  ] 

12.  Close  T,  I,  and  M.  Fire  flashiamp.   [No  valves  open.] 

13.  Flush  system  by  carrying  out  steps  ^1  and  5-   [Open: 
T,  I,  M.] 

14.  Remove  and  clean  generating  system.   Replace,  open 
M2  ,  S,  and  F.   Keep  system  evacuated  until  experiment  is 
repeated.   [Open:  T,  I,  M,  P,  M2 ,  S.] 
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APPENDIX  C:  FLASHLAMP  DRIVING  CIRCUIT  PARAMETERS 
Data  for  the  Flashlamp  as  Given  by  the  Manufacturer: 
Lamp  impedance  parameter: 

KQ  =  80(ft-amp1/2) 
Single  shot  explosion  energy  constant: 

K   =  1.3'106(joules-sec"1/2) 
Max  average  power  (convection  cooling): 

pmax  =  960 (watts) 
Min  required  voltage: 


Vmin  =  2700 (volts) 


Operating  Parameters: 

Total  Capacitance:  C  =  31.4  (yF) 
Total  Inductance:  L  =  30.0  (yH) 
Total  Resistance:    R  =  0.0018   (fi) 

Using  data  given  in  Refs.  24  and  27  the  following  calculations 

can  be  made: 

Time  Constant:    t  =  (LC)1/2 


=  (30-10"6-31.4-10~6)1/2 


t  =  30.7(ysec) 
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Pulse  Duration  (10$  current  points): 

T  =  3t 

T  =  92.1(ysec) 

Explosion  Energy: 

E   =  K  t1/2 
x    e 

Ex  =  1.3-10  (joules-sec~1/2)(30.7)1/2(ysec)1/2 

Ev  =  7.2-103(joules) 

The  explosion  energy  is  the  energy  where  the  lifetime  of  the 
lamp  is  equal  to  one  flash.   For  energies  less  than  the  ex- 
plosion energy  the  lifetime  is  determined  by  the  loading 
factor,  X,  and  the  energy  dissipated  in  one  flash,  E.   The 
relationship  can  be  approximated  using  Ref.27: 

-8.5 
Life  (in  flashes)  =  A  (A-l) 


where 


A  =  §-  (A-2) 

E 
x 


A  graph  of  average  lifetime  vs.  flash  energy  is  given  in 
Figure  21. 

The  flash  energy  E  is  a  function  of  capacitor  voltage  V 
given  by 

E  =  0.5C(V  -  V^)2  (A-3) 
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where  V  is  the  residual  voltage  that  remains  on  the  capaci- 
tor bank  after  the  light  flash  extinguishes.   This  value  has 
been  found  from  preliminary  experiments  to  be  about  2000 
volts.   The  values  that  V  can  take  on  are  restricted  by  the 
requirement  for  critical  damping.   The  damping  factor,  a, 
is  given  by  Ref.27: 

K0 

a  =  y — 


(VZQ)1/2  (A-4) 

where 

Z  =(±)1/2      =   ^30- 10"6  \1/2 


31.  4-10-6/ 


ZQ  =  0.975W 


r'l 


"om  Kef. 24,  for  critical  damping  the  damping  factor  cu 


is 


aQ  =  0.8 

The  corresponding  capacitor  voltage,  VQ ,  can  be  calculated 
from  Equation  (A-4)  to  be 

V  =    K0    _  (80)2(^2-amp) 

0     2Z     (0. 8)2-0. 975(«) 

0  0 


V   =  10.25  KV 


To  meet  the  warrantees  regarding  lamp  life  given  by  the 
manufacturer  the  capacitor  voltage  can  be  varied  only  such 
that 
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0.7  <  a  <  1.1 

The  respective  voltages  are,  from  Equation  (A-4) : 

5.^3  <  V  <  13.4  KV 

The  flash  energies  corresponding  to  these  voltages  are,  from 
Equation  (A-3)  and  assuming  a  V  of  2000  volts: 

185  <  E  <  20^0  (joules) 

A  graph  of  flash  energy  vs.  capacitor  voltage  is  given  in 
Figure  22. 
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APPENDIX  D:  STABILITY  REQUIREMENTS  FOR  CONFOCAL  RESONATOR 


A  confocal  resonator  is  stable,  if  [Ref.25] 


o  <  g1g2  <  1 


(A-5) 


where 


and 


Si  -  1  - 


So  =  1  " 


R- 


L_ 
R, 


(A-6) 


J 


Here  L  is  the  length  of  the  cavity  and  R-,,  R?  are  the  radii 
of  the  mirrors.   Using  Equation  (A-6),  the  left  hand 
inequality  of  Equation  (A-5)  can  be  written 


o^    i  -£-Ui  - 


R- 


L_ 
R, 


(A-7) 


This  inequality  has  two  solutions, 


L 


L 


or 


0     1 1  '  w~ 


0-/l-L_L^^0^i      L 


R- 


and 


R. 


(A-8) 


(A-9) 


From  Equations  (A-8)  and  (A-9)  it  follows  that 


L  ^  R-,  ,R 


1»"2 


or 


L  *  R1,R, 


(A-10) 
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This  means  that  the  length  L  of  the  cavity  must  be  either 
less  than  the  smaller  radius  or  more  than  the  bigger  radius, 

For  the  right  hand  inequality  of  Equation  (A-5)  it  is 
required  that 

(A-ll) 

or,  after  a  little  algebra, 

L  -  R1  +  R2  (A-12) 

For  the  resonator  to  be  stable,  both  Equations  (A-10)  and 
(A-12)  must  be  true.   For  the  values  of  L,R-,  ,  and  R~  in  the 
resonator  under  consideration  (L  =  O.78  meters,  R-^  =  ^  me- 
ters, Rp  =  10  meters),  the  inequalities  (A-10)  and  (A-12) 
become : 

0.78  *  4 

O.78  -4+10 

which  shows  that  the  resonator  is  stable. 
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APPENDIX  E:  ALIGNMENT  PROCEDURE  FOR  THE  OPTICAL  SYSTEM 

The  optical  system  is  aligned  with  respect  to  the  opti- 
cal axis  which  is  defined  to  be  the  line  that  passes  through 
the  center  of  the  laser  tube.   The  alignment  laser  is  posi- 
tioned at  a  distance  of  approximately  5  meters  from  the  sys- 
tem in  such  a  manner  that  its  light  beam  intersects  the 
optical  axis  of  the  system  at  the  center  of  mirror  M-, 
(Figure  18) .   The  alignment  procedure  is  as  follows: 

1.  Remove  M, 3    adjust  M-,  until  the  light  beam  coincides 
with  the  optical  axis  (center  of  laser  tube).   M~  remains  in 
this  position  and  needs  no  readjustment  as  long  as  the 
alignment  laser  is  not  moved. 

2.  Place  the  gimbal  mount  with  mirror  M  in  position 
such  that  the  light  beam  falls  exactly  onto  the  center  of 
M  .  This  can  be  achieved  easily  by  temporarily  replacing 
Mp  by  a  metal  aperture  with  a  small  hole  in  the  middle. 

3.  Align  Mp  by  turning  the  controls  of  the  gimbal 
mount  until  the  reflected  beam  coincides  with  ohe  original 
beam. 

4.  Repeat  steps  2  and  3'  for  M-,  .   Here  the  back  side  of 
the  mirror  (plane,  stainless  steel  coated)  is  used  for 
alignment,  assuming  that  the  mirror  plane  is  perpendicular 
to  the  optical  axis. 
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APPENDIX   F:    DRAWINGS 
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Figure  1.  Vibrational  States  in  the  CO-  Molecule 

In  the  bending  mode  the  atoms  may  vibrate  in  two  mutually 
perpendicular  planes,  causing  a  twofold  degeneracy  with 
slightly  different  energy  levels. 
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Figure  5.  Vibrational  Energy  Levels-  for  the  Sin  lified  Model 
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Figure  11.  Flashlamp  Discharge  Circuit 


73 


1.0 
0.8 


-0.2 


Normalized 
Current  ,  I 


20     40     60      80     100     120     140     1 


Time,  (usee) 


Figure  12.  Normalized  Flashlamp  Current 
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Figure  13.  Normalized  Flashlamp  Energy 


74 


co  0) 
cd  X5 
rH    P 

Ph  Eh 


O 

on 


-CI 


3 — JLSLSUb- 


a, 
S 
o 
o 

CM 


<  <D  cd 

O    <L)    <D 

CMEK 


vw4\j 


n 


x: 
o 
-p 

•H 
CO 


!  + 


I I 


O     6 


3  o 

3  P 

O  -H 

cd  £ 

>  CO 


-A/W 


c? 


CM 


CU       >> 

hOrH 
Cd    Q, 

p  a 

rH     3    >    < 

O  CO  ^    e 

> 

Ph  O  O 
£  (DOOH 
MS  I  I 
•H    O  O   O 

K  a. 


l"' 


C 

o 

•H 

P 

1 

•H 

CO 

O 

a 

^ 

T5 

(D 

N 

•H 

hO 

Ph 

<D 

c 

■ 

<D 

TJ 

H 

cd 

6 

Ph 

o 

C 

C 

•H 

. 

a 

s 

M' 

o 

■P 

x: 

W 

CO 

>3 

CO 

<D 

Ph 

hO 

cd 

C 

•H 

CM 

W) 

Ph 

Tl 

cd 

C 

x: 

cd 

o 

rH 

*H 

o 

CO 

<D 

g 

JC 

cd 

o 

Pn 

P 

ht) 

•H 

cd 

<: 

•H 

CO 

Q 

g 

^ 

s 

o 

3 

o 

o 

rH 

cd 

CQ 

> 

CD 
Ph 

bO 
•H 

Dm 


75 


! 


-p 

x: 

w 

4J 

•H 

4-i 

X 

$->  <-\ 

x: 

hC 

CD 

bD 

•H 

SZ    Sh 

•H 

rH 

w  o 

rH 

cd  j-3 

fn 

T3 

rH     Cd 

Jh 

O 

CD 

Cn     O 

0 

4-3 

C     CO 

•H 

4-> 

cd 

CD    O 

b^T3 

cd 

o 

Q,rH 

C    C 

o 

•H 

O   o 

•H    >H 

•H 

73 

c 

•c 

C 

>i    >> 

£-1    - 

c 

•H 

rH    rH 

cd    hO 

•H 

rH    r-H 

E 

S  c 

C 

cd  cd 

CD 

■H 

r 

-d 

£   E 

-P 

CD    bO 

>> 

CD 

U    >-> 

CO 

hC  k 

~J 

a. 

o  o 

>1 

?h  cd 

cti 

E  S  S: 

CO 

cd  x: 

o 

3 

ft  P 

PC 

Cs 

. . 

. — 1 

o  ~ 

- 

~ 

o  u 

, .  . . 

• 

4-3 

rH   CM 

m-=j 

2  2 

G 

O 

O 

bO 

C 

•H 

bC 

fH 

cd 

x: 

o 

u^ 

rH 

J* 

<D 

O 

Sh 

o 

3 

1— 1 

X 

r. 

bO 

s-< 

c 

o 

•H 

CD 

4-> 

. 

>5 

fe 

-p 

i- 

- 

cd 

c 

5 

■ 

rH 

x:  -h 

w 

— 

<D 

o 

cc 

4-3     >a 

CuX 

•H    4^ 

E 

CO 

o 

5    CD 

3 

3 

Q 

CO  C-i 

Q 

Q, 

cd 

1 

> 

«+H      CO 

QJ 

- 

Cm 

bC 

-r^- 

O    U 

fn 

?H 

CM 

1    o 

Cti 

•H 

c  o 

s: 

fe 

O  Q 

o 

*" 

CM 
•      -H 

H    C\JOO; 

co  oo 

■ 

76 


It 

CD 

W  CD 
bO  oo 
•H   rH 

E-t  O-i 


1 

U 

x: 

cd 

to 

(D 

CO 

00 

c 

6 

cd 

r— 1 

cd 

Pn 

rH 

3 

u 

0 

tii  Cu  Eh  Q-, 


r 


~i 


i 


-vsasast/n 


>4 

03 

r-\ 
CD 

K 

h 

CD 
■P 

0) 

S 

o 
En 


t 


t 


—  i — i  — r 


j-x&mib-1   J 


L 


J 


T5 
CD 


•H 
> 

~1  O   -H 

COVD    O 


cm 


4      «> 


O 

55 


o      o 


-P 

o 
6 

CD 


flW- 


rH 

o 
o 


>^ 


=  c 

CD  O 

U  -C  -P 

•H  CO  P 

~  O-,  CQ 


> 


I  h 


Ji 


■  1 1 

r 


>5 

cd 
rH 

K 

o 

Q 


CM 


CM 
PC 


c 

CD 

o 

>5 


cd 

E 

O 


o 


T3 
CD 
CO 
O 
<-\ 
o 


cd 

Ih 

O 


o 
2: 


3 

o 
Sh 

•H 
O 

Jh 
CD 
bO 
hO 
■H 

rH 

Eh 

a, 
6 
cd 
►-1 

JC 

00 

cd 

rH 


VD 

rH 

CD 

rH 

hO 
•H 
Ph 


77 


00 


Hf 


<--V\Ar- l 


0) 


X> 

Fh 

r~ 

_i 

•H 

O 

L_ 

CO 

o 

n 

CD 

£C 

1 

> 

(D 

o 

L_ 

K  < 

1 


_J 


co 

73 

•H 

O 

c 

CD 

rH 

O 

T5 

ffl 

•H 
O 

hC 

C 

W 

C 

<D 

P 

•H 

rH 

x: 

rH 

O 

bO 

rH 

to 

6 

•H 

o 

0) 

I— 1 

?H 

JsJ 

4-5 

4-3 

o 

CO 

U 

c 

CD 

>> 

o 

O 

x: 

co 

p 

O 

o 

cd 

H 

o 

0) 

p 

o 

•H 

> 

xi 

u 

T5 

rH 

faC 

p 

c 

cd 

•H 

a 

M 

> 

P5 

o 
O 

CM 

-=r 

Ln 

faO 

*\ 

*\ 

c 

rH 

on 

•H 
rH 

c 

jcd 

CO 

cd 
a 

£-, 
o 

Cm 

x: 

x: 

o 

o 

x: 

E 

-p 

-p 

o 

cd 

•H 

•H 

p 

?H 

5 

!3 

•H 

faO 

CO 

CO 

s 

cd 

CO 

•H 

rH 

rH 

Q 

O 

o 

o 

k 

?H 

- ) 

P 

.p 

+5 

1) 

•H 

C 

C 

.C 

3 

o 

o 

o 

O 

o 

o 

U 

M 

•H 

X 

0) 

o 

o 

o 

> 

p 

o 

rH 

cti 

• 

o 

cti 

o 

c— 

a 

> 

•H 

H 

o 

-a 

p 

C 

cu 

CO 

(v 

rH 

Sh 

C0 

3 

*\ 

hO 

rH 

cm 

-cr 

•H 

co 

W 

&K 

78 


Alignment 
Laser 


'To  Oscilloscope 


Detector 


Figure  18.  Optical  System 

Mt  ,M  :  Concave  mirrors,  ^  and  10  meters 

c  radius 

M_,Mh:  Plane  front  coated  mirrors 

W^,Wp:  NaCl  laser  windows 


-< >- 


Figure  19.  Schematic  of  Setup  for  Grinding  of  Correct  Angles 
on  Laser  Tube  Ends 


79 


100    K   pot.    adjust 
for   null    bias 


Power 

Switch 


/ 


65   V 


10    K 


ih 


IR 
Detecto: 


>+—\\\[ 


Bias 
Switch 


45    V 


A/W 

10    K 


1    K 


-O 


Figure    20.    Biasing    Circuit    for    JR   Detec      r 
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Figure  21.  Lamp  Lifetime  vs.  Energy  Dissi  ated 
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Figure  22.  Flash  Energy  vs.  Capacitor  .   tage 
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APPENDIX  G:  PHOTOGRAPHS 


Figure  23.  COp-HN   Laser  and  Control  Panel 
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'T  .;  / 


Figure  24.  Optical  Bench  with  Laser,  Flashlamp,  and  IR 
Detector 


Figure  25.  HN  Generati 


ng  Unit 


3 


Figure  26.  High  Voltage  Power  Supply  with  Capacitor  Bank, 
Trigger  Unit,  and  Oscillosc?- 
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200  ysec/cm 


Figure  27.  Distorted  Flashlamp  Output  Detected  by  Photo- 
multiplier   (upper  trace)  and  IR  Detector  (lower 
trace).   See  also  Chapter  V,  "Experimental  Results 


50  ysec/cm 


Figure  28.  Flashlamp  Output  Detected  by  IK  Detector  supper 
trace)  and  Discharge  Current  Pulse  (lower  trace) 
See  also  Chapter  V,  "Experimental  Results." 


50  ysec/cm 


Figure  29.  Distorted.  Flashlamp  Output  Detected  by  IR 

Detector.   See  also  Chapter  V,  "Experimental 
Results." 


50  ysec/cm 


Figure  30. 


Capacitor  Voltage  During  Discharge 
Chapter  V,  "Experimental  Results." 


See  also 
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50  usec/cm 


Figure  31 • 


Capacitor  Voltage  (upper  trace)  and  Discharge 
Current  Pulse  (lower  trace).   See  also  Chapter 
V,  "Experimental  Results." 
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